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A number of experiments are underway to detect vacuum birefringence and dichroism --- PVLAS, Q 
& A, and BMV. Recently, PVLAS experiment has observed optical rotation in vacuum by a magnetic 
field (vacuum dichroism). Theoretical interpretations of this result include a possible pseudoscalar-
photon interaction and the existence of millicharged fermions. Here, we report the progress and first 
results of Q & A (QED [quantum electrodynamics] and Axion) experiment proposed and started in 
1994. A 3.5-m high-finesse (around 30,000) Fabry-Perot prototype detector extendable to 7-m has 
been built and tested. We use X-pendulums and automatic control schemes developed by the 
gravitational-wave detection community for mirror suspension and cavity control. To polarize the 
vacuum, we use a 2.3-T dipole permanent magnet, with 27-mm-diameter clear borehole and 0.6-m 
field length,. In the experiment, the magnet is rotated at 5-10 rev/s to generate time-dependent 
polarization signal with twice the rotation frequency. Our ellipsometer/polarization-rotation-
detection-system is formed by a pair of Glan-Taylor type polarizing prisms with extinction ratio 
lower than 10-8 together with a polarization modulating Faraday Cell with/without a quarter wave 
plate. We made an independent calibration of our apparatus by performing a measurement of gaseous 
Cotton-Mouton effect of nitrogen. At present, the sensitivity (and noise floor) for dichroism detection 
is about 1 × 10-6 rad Hz-1/2 at 10-20 Hz. With this sensitivity, it would be possible to check the 
polarization rotation effect obtained by PVLAS. Our first results give (-0.2 ± 2.8) × 10-13 rad/pass, at 
2.3 T with 18,700 passes through a 0.6 m long magnet for vacuum dichroism measurement. We 
present a brief discussion of our experimental limit on pseudo-scalar-photon interaction and 
millicharged fermions. 
 
Keywords: Vacuum dichroism, pseudoscalar-photon interaction; millicharged fermions; Q & A 
experiment. 
 
PACS Numbers: 12.20.-m, 04.80.-y, 14.80.Mz, 07.60.Ly, 07.60.Fs, 33.55.Ad 
 
1.  Introduction 
Experiments to detect vacuum dichroism and vacuum birefringence have been of current 
focus since the recent positive result of PVLAS (Polarizzazione del Vuoto con LASer).1 
BFRT (Brookhaven-Fermilab-Rochester-Trieste) experiment2 was completed in 1992, 
using superconducting magnet and multipass cavity, and put a limit of (0.45±0.38) × 10-
14 rad T-2 m-2 (λ: 514 nm) on possible optical rotation of beam polarization in vacuum in 
a magnetic field. After BFRT experiment, 3 experiments were put forward for measuring 
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the vacuum birefringence in 1994: the PVLAS experiment,3 the Q & A (QED [quantum 
electrodynamics] & Axion) experiment,4 and the Fermilab P-877 experiment;5 these 
experiment were reported in the “Frontier Test of QED and Physics of Vacuum” Meeting 
in 1998. Fermilab P-877 experiment was terminated in 2000. However, BMV 
(Biréfringence Magnétique du Vide) experiment6 started in 2000. The basic 
characteristics of the PVLAS experiment, the Q & A experiment, and the BMV 
experiment for measurement of the vacuum birefringence and dichroism are compiled in 
Table 1.7 All 3 experiments use high-finesse Fabry-Perot Interferometer (FPI) cavity to 
enhance the effect to be measured. Recently, PVLAS experiment1 reported a positive 
measurement of polarization rotation in vacuum by a magnetic field (vacuum dichroism) 
and suggested a possible interpretation of this result to the existence of a pseudoscalar 
interacting with photon.  
Table 1. A comparison of the vacuum birefringence and dichroism experiments – PVLAS, Q & A and BMV 
experiments. 
Experiment PVLAS  Q & A  BMV  
Status achieved Achieved(2002)/Achieved(2006)/goal Achieved/2007 goal/goal 
Wavelength (nm) 1064 1064 / 1064 / 532 1064 
Type of dipole 
magnet 
Rotating 
superconducting
Switching / Rotating permanent 
/Rotating permanent Pulsed 
Magnetic field B (T) 5.5 1.2 / 2.3 / 2.5 6 / 10 / 25 
Length of magnetic 
field (m) 1 0.21 / 0.6 / 5 0.3 / 0.3 / 1.5 
Finesse of Fabry-
Perot Interferometer 70,000 11,620 / 31,000 / 100,000 50,000/ 200,000 / 10
6
Magnet field modu-
lation frequency (Hz) 0.3 0.05 / 7.06 / 10 37 
Sensitivity (rad·Hz-0.5) ~10-7 5·10-6 / 5·10-7 / 10-8 -- / < 10-8 / 10-9
 
(Pseudo)scalar-photon interaction was first proposed in 1973-4 under the study of 
the relationship of Galileo equivalence principle and Einstein equivalence principle for 
electromagnetic systems.8-10 The Lagrangian density of this theory in gravitational field 
is given by 
 
LI = - (1/16π)gikgjlFijFkl - (1/16π)φFijFkleijkl - Akjk(-g)(1/2) - ΣI  mI(dsI)/(dt)δ(x-xI),      (1)  
 
where gij is the metric, g its determinant, jk the charge current, Fij ≡ Aj,i - Ai,j the 
electromagnetic field, φ  the (pseudo)scalar field, and eijkl the completely antisymmetric 
symbol with e0123 = 1.8-10 The second term of  (1)  
 
LI =  - (1/16π)φFijFkleijkl                                                                             (2) 
 
gives the (pseudo)scalar interaction with photons. The effect of φ in this theory on 
photon propagation is to change the phases of two different circular polarizations and 
gives polarization rotation for linearly polarized light.8, 11, 12 The current limit on the 
variation of φ over observed cosmological distance is about 0.1 from cosmic microwave 
background observations.13-15  
 2 
In the study of strong CP problem, Weinberg16 and Wilczek17 proposed axion based 
on the work of Peccei and Quinn.18 Their MeV axion model did not agree with 
accelerator experimental data. Soon the ‘invisible’ axion models with small mass were 
proposed.19-21 In these axion models the photon-axion interaction Lagrangian is of the 
form (2). In terms of Feynman diagram, the interaction (2) gives a 2-photon-pseudo-
scalar vertex. With this interaction, vacuum becomes birefringent and dichroic.22-24  
      Dichroic materials have the property that their absorption constant varies with 
polarization. When polarized light goes through dichroic material, its polarization is 
rotated due to difference in absorption in 2 principal directions of the material for the 2 
polarization components. For axion models, the polarization rotation ε of the photon 
beam for light entering the magnetic-field region polarized at an angle of θ to the 
magnetic field is  
                   ε  = (B2ω2M-2 mφ-4) sin2(mφ2L/4ω) sin(2θ) ≈ B2L2/(16M-2) sin(2θ),              (3) 
where mφ is mass of the axion, M is the axion-photon interaction energy scale, ω photon 
circular frequency and L the magnetic-region length. The approximation is valid in the 
limit  
mφ2L/4ω << 1,                                                                (4) 
i.e., for a given length L of the magnetic field region, 
mφ2 < 2πω/ L ,                                                                (5) 
to preserve the the relative phase of the axion and photon fields. Since axions do not 
reflect at the mirrors, for multi-passes, the rotation effect increases by number N of 
passes. Therefore for the case condition (5) is satisfied, the polarization rotation effect is 
proportional to NB2L2.  
In Table 2, we compile the experimental results of three experiments on the vacuum 
dichroism – BFRT, PVLAS and Q & A. 
  
Table 2. The experimental results of 3 experiments on vacuum dichroism for pseudoscalar-photon 
interaction. 
Experiment 
Magnetic 
field B 
(T) 
Magnetic 
region 
length L 
(m) 
Effective 
number N 
of 
reflections
Effective
NB2L2 
(T2 m2)
Measured 
dichroism 
(nrad)
Derived vacuum 
dichroism 
(10-14rad T-2 m-2)
Pseudo-
scalar 
mass mφ 
(meV) 
Coupling 
energy 
scale M 
(106GeV)
BFRT 
(λ: 514 
nm) 
2.63-3.87 8.8 254  78,700 0.35±0.30 0.45±0.38 for mφ  < 0.8 >2.8 
PVLAS 
(λ: 1,064 
nm) 
5 1 44,000 1,100,000 172±22 15.6±2.0 1-1.5 0.2-0.6 
Q & A 
(λ: 1,064 
nm) 
2.3 0.6 18,700 29,900 -0.4±5.3 -1±18 for mφ  < 1.7 > 0.6 
 
All 3 experiments in Table 1 aim at detection of vacuum birefringence also. 
Birefringence of vacuum is predicted by QED (Quantum Electrodynamics) in external 
transverse electrical or magnetic field (E or B). For gaseous matter, the birefringence 
phenomenon is known as Cotton-Mouton effect. The minute Cotton-Mouton effect of 
gaseous matter in low pressure serves as calibration for these experiments.  
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Some extensions of the standard model suggest the existence of particles (with 
mass mε) of small unquantized charge Qε = εe with ε << 1.25 Recently, Gies, Jaeckel and 
Ringwald discussed the method of using polarized light propagating in a magnetic field 
to probe millicharged fermions.26 Photons with ω > 2 mε will interact with magnetic field 
to produce millicharged fermion-antifermion pair. The production cross-section depends 
on the angle θ between the transverse magnetic field B and the polarization vector, and 
the magnetic vacuum is dichroic due to anisotropic absorption. The polarization vector of 
such an initially linearly polarized photon will rotate by Δθ; for small rotation angle, 
 
Δθ ≈ (1/4) (κ∥ - κ⊥) L sin(2θ),                                                 (6) 
 
where  κ∥ and κ⊥ are the absorption coefficients corresponding to photon polarizations 
parallel and perpendicular to B respectively. Let  
 
χ≣ (3/2) (ω/mε) (εeB/mε2) = 88.6 ε (ω/mε) (eV/mε)2 (B/T).           (7) 
 
Consider the small mass case. For mε < 0.03 eV, χ >> 1, the polarization rotation angle is 
 
                              Δθ ≈ (1/4) (κ∥ - κ⊥) ≈ 2.1×104 ε8/3(ω/ω0)-1/3 B2/3LB,                      (8) 
 
whereω0 is the circular frequency corresponding to λ = 1.064 μm. In Table 3, we 
compile the experimental results of three experiments on the vacuum dichroism – BFRT, 
PVLAS and Q & A for millicharged fermion theory with mε < 0.03 eV. 
 
Table 3. The comparison of experimental results of 3 experiments on vacuum dichroism with 
millicharged fermion theory for mε < 0.03 eV. 
Experiment 
Magnetic 
field B 
(T) 
Magnetic 
region 
length L 
(m) 
Effective 
number N 
of 
reflections
Effective 
N B2/3L 
(ω/ω0)-1/3
(T2/3m)
Measured 
dichroism 
(nrad)
Derived vacuum 
dichroism  
(rad T-2/3 m-1)
Millifermion 
charge ratio 
ε (10-7) 
BFRT 
(λ: 514 nm) 
2.63-
3.87 8.8 254  2,650 0.35±0.30 (1.3±1.1)×10-13
3.5(+1.0, -
2.3) 
PVLAS 
(λ: 1,064 
nm) 
5 1 44,000 123,500 172±22 (13.9±1.8)×10-13 8.5±0.4 
Q & A 
(λ: 1,064 
nm) 
2.3 0.6 18,700 18,600 -0.4±5.3 (-0.2±2.8)×10-13 0(+4.6, -0) 
 
Principle of experimental measurement --- The basic principle of experimental 
measurement is shown as Fig. 1. The laser light goes through a polarizer and becomes 
polarized. This polarized light goes through a region of magnetic field. Its polarization 
status is subsequently analyzed by the analyzer-detector subsystem to extract the 
polarization effect imprinted in the region of the magnetic field. Since the polarization 
effect of vacuum birefringence and vacuum dichroism in the magnetic field that can be 
produced on earth is extremely small, one has to multiply the optical pass through the 
magnetic field by using reflections or Fabry-Perot cavities. BRFT experiment used 
multiple reflections; PVLAS, Q & A, BMV experiment use Fabry-Perot cavities. For 
polarization experiment, Fabry-Perot cavity has the advantage of normal incidence of 
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laser light which suppressed the part of polarization due to slant angle of reflections. 
With Fabry-Perot cavity, one needs to control the laser frequency and/or the cavity 
length so that the cavity is in resonance. With a finesse of 30,000, the resonant width 
(FWHM) is 17.7 pm; when rms cavity length control is 10 % of this width, the precision 
would be 2.1 pm. Hence, one needs a feedback mechanism to lock the cavity to the laser 
or vice versa. For this, a commonly used scheme is Pound-Drever-Hall method. 
Vibration introduces noises in the Fabry-Perot cavity mirrors and hence, in the light 
intensity and light polarization transmitted through the Fabry-Perot cavity. Since the 
analyzer-detector subsystem detects light intensity to deduce the polarization effect, both 
intensity noise and polarization noise will contribute to the measurement results. 
Gravitational-wave community has a long-standing R & D on this. We employ their 
research results. 
 
 
Fig. 1. Principle of vacuum dichroism and birefringence measurement. 
 
The present Q & A experimental schematic is shown in Fig. 2. In section 2, we give 
some details of the experimental setup. In section 3, we present our polarization 
detection schemes. In section 4, we address the question of vibration and automatic 
control. In section 5, we present our measurement procedure and first results.  In section 
6, we make a couple of discussions and look into the future. 
 
2. Experimental set-up of the 3.5 m prototype interferometer 
 
In 1991, we were motivated to do an experiment to measure vacuum birefringence and 
vacuum dichroism.27 In 1994, we proposed the Q & A experiment and started to build the 
experimental facility.4 In 2002, we finished the first phase of constructing the 3.5 m 
prototype interferometer and made some Cotton-Mouton coefficient and Verdet 
coefficient measurements.28 Starting 2002, we have been in the second phase of Q & A 
experiment. The schematic of the present setup is shown in Fig. 2. Fig. 3 shows a picture 
of the experimental apparatus. The 3.5 m prototype interferometer is formed using a 
high-finesse Fabry–Perot interferometer together with a high-precision ellipsometer. The 
two high-reflectivity mirrors of the 3.5 m prototype interferometer are suspended 
separately from two X-pendulum–double pendulum suspensions (basically the design of 
ICRR, University of Tokyo29) mounted on two isolated tables fixed to ground using 
bellows inside two vacuum chambers. The sub-systems in this second phase are 
described below. 
 
2.1. Laser, cavity and finesse measurement 
We use a 1 W diode-pumped 1064 nm CW Nd:YAG laser made by Laser Zentrum 
Hannover as light source. The laser frequency can be tuned using thermal control and 
PZT control. We thermal-stabilize the laser at 26.5 °C and use Pound–Drever-Hall 
technique to lock the laser frequency with the resonant frequency of the 3.5 m Fabry-
Perot interferometer. The high-frequency (> 200 Hz) part of the phase error from the 
photodetector is fed to the PZT to frequency-lock the laser to the cavity resonant 
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frequency; this feedback circuit is a PI2 (proportional-integral2) compensation. The  
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Fig. 3. A picture of experimental apparatus. 
 
 
Fig. 4. A finesse measurement with fitting to the ringing model. 
 
low frequency part (< 200 Hz) of the phase error goes to a DSP based digital control unit 
to control the cavity length of the interferometer. The laser goes through an isolator, a 12 
MHz electro-optic modulator and a mode matching lens to the 3.5 m cavity. We measure 
the finesse of the 3.5 m cavity by analyzing the ringing profile of transmitted light 
intensity when the cavity length passing through a resonance. The finesse F is measured 
to be in the range 28000-32000 in various cases; the uncertainty of measurement is less 
than 5 %. This finesse corresponds to average number of light passes in the Fabry-Perot 
cavity to be 17800-20370 (2F/π). This increases the optical pathlength in the magnetic 
field of our dichoism/birefringence measurement by 17800-20370 times. A sample data 
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of finesse measurement with fitting to the ringing model30 is shown in Fig. 4.   
2.2. Mirror Suspension 
Our suspension system for a 3.5 m-cavity mirror consists of an X-pendulum-double-
pendulum system (Fig. 5). X-pendulum, named after the crossed-wire structure used in it, 
was originally designed by Barton, Kuroda, Tatsumi and Uchiyama29 of the Institute for 
Cosmic Ray Research, University of Tokyo for TAMA 300 project. We follow closely 
their design. Our X-pendulum has its resonant frequency around 0.28 Hz7 and attenuates 
the horizontal seismic noise in frequency range between 1-20 Hz. The Fabry-Perot cavity 
mirror is attached to the load table of the X-pendulum via a double pendulum mechanism. 
The fundamental frequency of the double pendulum is 1.44 Hz. 
 
 
 
Fig. 5. Picture of one of our X-pendulum-double-pendulum suspension system. 
 
2.3. Polarizing optics and ellipsometry/polarization rotation measurement 
As shown in Fig. 2, the ellipsometer is formed by the polarizer P, the quarter-wave plate 
QWP, the polarization modulator Faraday cell FC and the analyzer A. The polarizer P 
and analyzer A are Glan-Taylor type polarizing prisms which came with other 3 pieces in 
the same order with a spec of extinction ratio smaller than 10-8. The extinction ratio of 
the other 3 polarizing pieces were measured to be 3.8×10-9, 1.9×10-9, 5.2×10-10 with an 
uncertainty about 10-10.31 The measurement data together with fitting for the polarizing 
piece with extinction ratio 5.2×10-10 is shown in Fig. 6. 
    The Faraday Cell FC is described in reference 28. The modulation response of the 
Faraday glass was measured to be 0.019 rad/A. The modulation depth for vacuum 
dichroism measurement is 0.8 mrad (42.1 mA). The polarizer, the analyser and the 
Faraday cell form a modulated Malus ellipsometer to measure the polarization change. 
For ellipticity measurement, the quarter-wave plate QWP is inserted before the Faraday 
Cell FC to change the ellipticity signal to polarization rotation signal. 
 
2.4. Magnet 
We use a permanent dipole magnet with a 27 mm clear borehole to induce the intracavity 
dichroism and birefringence of the 3.5 m prototype Fabry-Perot interferometer. The field 
strength of this magnet at the central axis is 2.3 T with an effective magnetic length 0.6  
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m. The profile of the magnetic field is shown in Fig. 7.32, 33 The integrated magnetic field 
along central axis ∫Bdl is 1.15 Tm.                                        
 
 
Fig, 6. Data and fitting for the measurement of the extinction ratio of  No. 4 analyzer. 
 
 
 
Fig, 7. Measured values of the transverse magnetic field along the central axis of the magnet. 
 
A vacuum tube of ID/OD 21.4 mm/24.6 mm goes through the borehole of the 
magnet to connect the two mirror-hanging vacuum chambers for laser light to go through. 
 
3. Polarization Analyzing Schemes 
In this section, we present our polarization detection schemes.  As in Fig. 8, the state of 
polarization of light is modified after light passing through the magnetic field.  For 
example, the Cotton-Mouton effect (CME) of gas transforms a linearly polarized light to 
an elliptically polarized light34; dichroic medium or Faraday glass causes a polarization 
rotation.35 In Q & A experiment, the ellipsometer can measure both the ellipticity and 
rotation signal. Without the quarter-wave plate inserted, the system measures the 
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polarization rotation signal. With the quarter-wave plate inserted, the quarter-wave plate 
transforms the birefringence signal into polarization rotation signal, and the system 
measures it. Each optical component in the ellipsometer can be represented by the Jones 
matrix as listed in Table 4.  
 
 
 
Fig. 8.  The schematic of ellipsometer. 
 
Table 4. The Jones matrices for optical components in the ellipsometer 
Optical 
component 
Jones matrix 
Polarizer P  
(Transmission axis 
in the direction of 
x-axis) 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
00
01
PJ  
Analyzer A  
(Transmission axis 
in the direction of 
y-axis) 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
10
00
AJ  
Fabry-Perot 
interferometer with 
intra-cavity 
birefringence 
( ) ( )
( ) ( )⎟⎟
⎟⎟
⎠
⎞
⎜⎜
⎜⎜
⎝
⎛
+−+
+++
−≅ ξςθψπξςθψπ
ξςθψπξςθψπ
2cos2cos212sin2sin2
2sin2sin22cos2cos21
1
0000
0000
21
21
FiFi
FiFi
rr
ttJFPI  
Quarter-wave plate 
QWP (Slow axis in 
the direction of x-
axis) 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−=
−
i
eJ iQWP 0
014/π  
Faraday cell FC 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
1
1
η
η
FCJ  
 
The Jones matrix  includes the intra-cavity Cotton-Mouton effect (Jones 
matrix ) and the residual birefringence of cavity mirrors
FPIJ
CMEJ 36, 37 (Jones matrix ).  
The Cotton-Mouton effect can be described by a retardation wave plate whose phase 
retardation is 
MBJ
02ψ  with slow axis taking an angle θ  with x-axis: 
,1  when  , 
2cos12sin
2sin2cos1
)(
0
0
)(
0
00
00
0
0
<<⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
+≅
−⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛⋅= −
ψθψθψ
θψθψ
θθ ψ
ψ
ii
ii
J
e
eJJ Ri
i
RCME
                  (9) 
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; the Jones matrix )(θRJ   represents polarization (or coordinate) rotation process:  
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= θθ
θθθ
cossin
sincos
)(RJ .                                                       (9a)             
Similarly, the residual birefringence of cavity mirrors can also be described by a 
retardation wave plate MB36, 37 whose phase retardation is 02ς  with slow axis taking an 
angle ξ  with x-axis:   
. 
2cos12sin
2sin2cos1
00
00 ⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
+≅ ξςξς
ξςξς
ii
ii
JMB                                 (10) 
The Jones matrix  can be calculated in a similar way as calculating the Airy 
function of Fabry-Perot interferometer.
FPIJ
35  If the amplitude reflection and transmission 
coefficients for cavity mirrors are ,  for CM1 and ,  for CM2, by using the 
relation 
1r 1t 2r 2t
21
21
21
21
1
1
21 rr
rr
rr
rr
F −
+≅−=
ππ
 (for high finesse mirrors) one can obtain the 
approximate form of the  as listed in the Table 3.   FPIJ
For ellipticity measurement, the quarter-wave plate is inserted in the light path to 
change the ellipticity signal to polarization rotation signal in order to beat with the 
polarization rotation modulation ( )]sin[ 0 ff t φωηη +=  provided by the FC.  For 
, the electric field of light transmitted through the analyzer A is ⎟⎟⎠
⎞
⎜⎜⎝
⎛=
0
1
iE
iPFPIQWPFCMAAo EJJJJJJE ⋅⋅⋅⋅⋅⋅= , where  represents the 
analyzer A which is misaligned by a small angle 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
1
1
α
α
MAJ
α .  For simplicity, the misalignment 
angle of the QWP is not taken into account.  By carrying out the Jones-matrix calculation 
for , the light intensity transmitted through the analyzer A is oE
( )
( ) ( ).         
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⎛+≅
⋅=
    (11) 
Without the QWP, the calculation leads to the light intensity : oI
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                (12) 
For magnetic field rotated at a constant speed ( tmωθ = ), the main Fourier components 
of the light intensity transmitted through the analyzer A with the QWP inserted and 
removed are listed in table 5.   
 
Table 5. Main Fourier components of detected signal  
Angular 
frequency 
Amplitude (with the QWP) Amplitude (without the QWP) 
 DC  ξςπαξςπψπ
ηασ 2sin222sin22
2
1
2 0
2
0
2
0
022 ⎟⎠
⎞⎜⎝
⎛+⎟⎠
⎞⎜⎝
⎛+⎟⎠
⎞⎜⎝
⎛+++ FFF  
2
0
2
0
022 2sin22
2
1
2
⎟⎠
⎞⎜⎝
⎛+⎟⎠
⎞⎜⎝
⎛+++ ξςπψπ
ηασ FF
 mω2   ⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛ + 00 22sin22 ψπξςπα
FF
  ⎟⎠
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⎛⎟⎠
⎞⎜⎝
⎛
00
22sin22 ψπξςπ
FF
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⎛ ψπ
F
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0
2
2
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F
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⎞⎜⎝
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⎞⎜⎝
⎛ + 00 22sin22 ψπξςπα
FF 02  αη  
 mf ω2±   ω 002 ηψπ ⎟⎠
⎞⎜⎝
⎛ F
  000
22 ηψπςπ ⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞
⎝
FF⎜⎛  
 fω2  
 
2
2
0η   
2
2
0η  
 
From these Fourier amplitudes, the intra-cavity birefringence can be determined.  
Fourier amplitudes obtained with the QWP inserted is used to determine the ellipticity 
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induced by the Cotton-Mouton effect: 0
2
2
0 2
2 ηψπ ω
ωω
f
mf
I
IF ±=⎟⎠
⎞⎜⎝
⎛ .  The amplitude 
 without the quarter wave plate inserted is a factor of 
mf
I ωω 2± ⎟⎠
⎞⎜⎝
⎛
0
2 ςπ
F
 smaller than 
 obtained with the QWP inserted. In BFRT experiment, this factor is 1/300.
mf
I ωω 2± 2, 38 
In our ellipsometer, this factor is found to be 1/670 and, for F = 30,000, corresponds to a 
residual mirror birefringence of  rad (per reflection).  70 106.12
−×=ς
For the ellipsometer with the QWP removed, the ellipsometer is sensitive to the 
intra-cavity polarization rotation effect (Faraday effect or dichroism).2 The absorption 
ratio of dichroic medium for light is dependent on the state of polarization of light. The 
Jones matrix for dichroic medium whose absorption coefficients are different by 02β  in 
two orthogonal directions can be written as35 
( ) ( )
.1        
2cos12sin
2sin2cos1
      
)exp(0
0)exp(
0
00
00
0
0
<<⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
+≅
−⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛
−⋅=
βθβθβ
θβθβ
θβ
βθ RRDIC JJJ
                            (13) 
By the same calculation procedure, similar Fourier amplitudes of light intensity 
transmitted through the analyzer with the QWP removed can be obtained:  
002
2 ηβπωω ⎟⎠
⎞⎜⎝
⎛=± FI mf ;      2
2
0
2
η
ω =fI .                                                    (14) 
Therefore, the quantity 0β  can be determined as follows:  
0
2
2
0 22
ηπβ
ω
ωω
f
mf
I
I
F
±= .                                                                                    (15) 
 
4.  Vibration Isolation and Automatic Length Control 
Each mirror of the Fabry-Perot cavity is suspended by an X-pendulum with a double 
pendulum as the second stage, as shown in Fig. 5. The isolation ratio of the X-pendulum 
is about 20 dB at 1Hz, 50 dB at 4 Hz, 28 dB at 8 Hz and 34 dB at 20 Hz. The double 
pendulum consists of an intermediate mass, a recoil mass RM and the mirror. The 
longitudinal length of the Fabry-Perot cavity can be adjusted by applying force to 
magnets on the mirror through coils held by the recoil mass RM. A 0.6 m long rotating 
permanent dipole magnet with a maximum central field of 2.3 T is located between front 
mirror and end mirror for producing a polarized vacuum. For a more detailed exposition 
of vibration isolation and automatic length control, please see reference 7 and 39. During 
the automatic length control feed back, the cavity length is controlled to a precision of 
2.1 pm rms to follow the resonance. The full range of coil control is about 2 μm. 
To test our suspension system, we have measured the background seismic noise and 
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the relative displacement control noise between two cavity mirrors using heterodyne 
interferometry.40 For seismic noise measurement, we simply measured the displacement 
of the suspended cavity mirror relative to a reference point on the optical table on which 
the suspension system is mounted; the measured result is the resonant displacement of 
the suspension itself relative to the seismic motion on the optical bench. For measuring 
relative displacement between cavity mirrors, a diode-pumped Nd:YAG laser was 
frequency stabilized to the suspended Fabry-Perot cavity via the Pound-Drever-Hall 
locking technique. The relative displacement (> 1 Hz) is estimated from the correction 
signal that drives the PZT of the laser. The spectral density of these displacements are 
plotted in figure 3 of reference 7, it shows that our suspension system is capable of 
isolating seismic noise in frequency range between 1-20 Hz. There are many small 
resonant modes in this frequency band; however, we can avoid these peaks by choosing 
suitable modulation frequency of the magnetic field. The noise floor at 5-10 Hz is 2 
rders of magnitude below that at 0.05 Hz. 
ent of gaseous 
Cotton-Mouton effect (CME).  The ellipticity due to CME is written as 
o
 
5.  Measurement Procedure and First Results 
The ellipsometer is calibration-checked by performing the measurem
∫ ⋅⋅Δ⋅=Ψ atm120
pressure of nitrogen gas, 
)()N(2 2 gas
P
dllBnFλ ,                       (16) 
where  is the gasP λ  is the wavelength of light, and 
⊥−=Δ nnn ||2 )N(  is the difference between index of refraction parallel and 
perpendicular to the magnetic field per unit pressure per unit magnetic field squared.  
The measurement of nitrogen CME is taken at several different pressures (room 
temperature ~ 19.5o C).  By defining Ψ  and re-writing (16) as N
gasN Pn
dllBF
⋅Δ=⋅Ψ=Ψ
∫
)N(
)(2
)atm 1(
2
2
0
λ
Δn(N
,                      (17) 
 (finesse 
~440
s 
roughly consistent with the result obtained with the low finesse cavity mirrors. 
2) can be determined by fitting the data to a straight line, as shown in figure 9.  The 
measured birefringence in nitrogen is Δn(N2) = - (2.66 ± 0.12) × 10-13 T-2 atm-1.  The 
Cotton-Mouton Coefficient (defined at pressure of 1 atm) is CCM = Δn(N2)/λ= - (2.50 ± 
0.11) × 10-7 T-2 m-1.  The measurement was done with low-finesse cavity mirrors
0).  This result is consistent with the measured values in the literature.34
We have also made a few nitrogen CME measurements with high-finesse cavity 
mirrors.  Fig. 11 is the spectrum of the measured ellipticity and figure 11 is the polar plot 
of the amplitude and phase at twice the magnet rotation frequency (2ωm).  In the polar 
plot, the phase depends on the alignment of the QWP, directions of magnet rotation and 
FC polarization rotation, and the phase of -180 deg means that the fast axis of nitrogen’s 
CME is parallel to the magnetic field.  In this run the finesse is 25,700, and according to 
(17) the Cotton-Mouton Coefficient in this run is CCM = -2.1×10-7 T-2 m-1 which i
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Fig. 9. The Cotton-Mouton effect measurement of nitrogen gas. 
 
 
 
Fig. 10. CME of 15 Torr nitrogen gas:  the spectrum of measured ellipticity 
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Fig. 11. CME of 15 Torr nitrogen gas:  amplitude and phase at  twice the magnet rotation frequency (2ωm) 
 
To measure the vacuum polarization rotation effect, the QWP is removed.  Light 
transmitted through the analyzer A is received by the photo-detector PD2.  The output 
voltage of the PD2 is sent into a lock-in amplifier (Stanford Research System, SR830) 
for detecting the Fourier component at fω .  According to equation (12) in section 3, this 
Fourier component has the following form: 
 
( ) ( ) 0000 2sin222sin222 ηφωβπξωψπςπα β ⎥⎦
⎤⎢⎣
⎡ +⎟⎠
⎞⎜⎝
⎛++⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛+= tFtFFI mmdemo        
(18) 
 
(the suffix demo stands for demodulation), where βφ  is introduced to be general.  To 
make the dichroic effect 0β  the dominant term in eq. (18), the term 
⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛
00
22 ψπςπ
FF
 has to be suppressed by pumping out the gas from the interaction 
region. Let us estimate the polarization rotation effect observed by the PVLAS 
collaboration1 in the Q & A experiment.  Since the effect is scaled by 22LB , we have 
 16
(rad)    10)5.09.3(210)5.09.3(
)m(T 25
)m(T 32.1 912
22
22
−− ×±=⋅×±⋅ π
F
 .            (19) 
For nitrogen at 1 mTorr, F = 30,000 and
670
12
0 =⎟⎠
⎞⎜⎝
⎛ ςπ
F
, the term 
⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛
00
22 ψπςπ
FF
 we are estimating is  
11
3
2
0 108670
1
760
101)(22 −
−
×=×⋅⋅⋅⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛ ∫ dllBCFF CMππςπ  rad                 (20) 
which is about 2% of the polarization rotation effect.  The gas pressure during this 
experimental run was kept lower than 1 mTorr.   
The angle θ  is measured by 32 equally spaced reflection mirrors glued on a ring 
fixed to the magnet.  A 633 nm He-Ne laser is steered to shine the ring, and the 633 nm 
laser beam reflected by the 32 mirrors is received by a photo-receiver.  When the magnet 
is rotated, the output of the photo-receiver is an analog pulse train, where each pulse 
corresponds to a rotation angle of 11.25 deg.  One of the 32 reflection mirrors is partially 
covered by a piece of opaque tape which makes the width of corresponding analog pulse 
the narrowest.  The rising edge of this narrowest analog pulse occurs when the magnetic 
field B is in angle 95.1 deg with the polarization vector of input laser (1064 nm).   
Signals including the outputs of the PD2, PD3, lock-in amplifier, and the analog 
pulse train were sampled at 20 kHz and saved as files for off-line analysis.  The data files 
were first processed by a C language routine.  The routine first checks the lock status of 
the Fabry-Perot interferometer.  If the FPI is locked, it begins to re-sample the output of 
lock-in amplifier, i.e. the signal , according to the rising edge of the analog pulse 
train.  This re-sampling process always begins at the rising edge of the narrowest analog 
pulse in order to maintain the phase relation between each data segment.  By using the 
fourier component , the re-sampled signal is converted to unit of radian and written 
as  
demoI
f
I ω2
( ) ( βφθεπξθψπςπθα +⎟⎠⎞⎜⎝⎛++⎟⎠⎞⎜⎝⎛⎟⎠⎞⎜⎝⎛+= iiirs FFFI 2sin222sin22)( 000 ),         (21) 
where  
.31,1,0                     (deg.)     25.111.95 L=⋅+= iiiθ                         (22) 
 
The spectrum of the  in this run is shown in figure 12; the integration time for this 
spectrum is 18.9 hr.  Total data acquisition time is 19.5 hr, therefore the achieved duty 
cycle is 96.9%.  No obvious peak is seen at 
rsI
mω2  in figure 12.  To detect the amplitude 
and phase of the Fourier component at mω2  in ,  has to be demodulated (lock-in 
detection) again by the magnet rotation angle 
rsI rsI
tmωθ = .  In this demodulation, a set of 
orthogonal signal is formed by tIP mrs ω2sin⋅=  and tIQ mrs ω2cos⋅= .  The DC 
terms of  and  are P Q
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 βφβπ cos
2
0⎟⎠
⎞⎜⎝
⎛= FPDC                             (23) 
and 
βφβπ sin
2
0⎟⎠
⎞⎜⎝
⎛= FQDC .                            (24) 
The amplitude and phase at mω2  can be determined from (23) and (24):   
22
0
2
DCDC QP
F +=⎟⎠
⎞⎜⎝
⎛ βπ   ,                                                                (25) 
DC
DC
P
Qarctan=βφ .                                                                                   (26) 
The obtained amplitude and phase at mω2  is plotted in the polar axis as shown in figure 
13.  By vector average, the averaged vector (color blue) has amplitude of 5.2 nrad and 
phase of -94.3 deg.  For dichroism induced rotation, the phase is 0 deg according to (13).  
The in phase dichroism quadrature amplitude is -0.4 nrad. The average of the Fourier 
amplitudes near 2 ωm is 5.3 nrad. This is the noise floor of our measurement. Hence, we 
have (-0.4 ± 5.3) nrad for the measured dichroism. The systematic error is less then 20 % 
and will not be discussed here. 
For 3.52 0 =⎟⎠
⎞⎜⎝
⎛ βπ
F
 nrad, by (3) we can give a limit on the parameter M, the 
axion-photon interaction energy scale: 
5
2/1
0
22
100.6
16
×=⎟⎟⎠
⎞
⎜⎜⎝
⎛> β
LNBM  GeV,                                                                          (27) 
valid for 
7.12
2/1
=⎟⎠
⎞⎜⎝
⎛<
L
m πωφ meV.                                                                                        (28) 
This constraint is listed in Table 2. 
       For the constraint on induced vacuum dichroism in millicharged fermion theory, 
please see Table 3 and discussions in Section I. 
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Fig. 12. The spectrum of the re-sampled signal  rsI
 
Fig. 13. The polar plot of Fourier component at mω2  of the signal . rsI
6.  Discussion and Outlook 
We have presented our first results of the Q & A experiment. At the present accuracy, 
there is no indication of pseudoscalar-photon interaction and existence of millicharged 
fermions. For pseudoscalar-photon interaction, our accuracy needs to be improved in 
order to confirm/check the PVLAS results. For the existence of millicharged fermions, 
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our first results have similar accuracy compared to PVLAS and BFRT experiment; for 
the small fermion mass mε < 0.03 eV region, our experiment gives an upper limit 4.6 × 10-
7 on the millicharged fermion charge ratio ε. 
We intend to extend our interferometer to 7 m in arm length and use a 5 m rotating 
permanent magnet with transverse field 2.5 T in our experiment. This way we will gain a 
factor of 10 in accuracy in search of (pseudo)scalar-photon interaction and a factor of 
100 in accuracy in search of millicharged fermions. We intend also to improve our 
ellipticity detection sensitivity and use frequency-doubled Nd:YAG in order to reach 
QED vacuum birefringence sensitivity.     
Astrophysical bounds in the literature are more stringent. There are recent studies 
on whether these bounds could be evaded.41-44 Readers are referred to the cited references 
for the current situation.  
Michelson-Morley experiment45 on the comparison of light velocity in different 
directions is crucial for the development of modern physics. Experiments on light 
propagation for different polarizations may or may not confirm vacuum dichroism; in 
either situation, it is important to find out. 
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